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 Abstract 
 
Cancer is a heterogeneous disease, currently one of the leading causes of morbidity and mortality 
worldwide. Phenotypic and genotypic differences of tumor among patients and within the primary 
tumor and metastatic lesions indicate the dynamic nature of the disease. Dynamic nature of cancer 
demands frequent sampling of cancerous tissue in every step of cancer diagnosis, treatment, and 
follow-up. However, in most cancer types repeated tissue biopsies are clinically unfeasible and 
pose unfavorable risks on patients. On the other hand, the use of liquid biopsies, have been the 
current state of the art approach in sampling solid tumor that is readily available via blood draw. 
Circulating Tumor Cells (CTCs) are cells that detached from a primary tumor and transported via 
the circulatory systems to initiate colonization in distance area of the body. Being a candidate of 
liquid biopsies that can repeatedly sample, CTCs are currently a topic of investigation and clinical 
trials in diagnosis, treatment, and follow-up of cancer patients. 
 
Isolation, detection, and characterization of CTCs can serve as differential diagnosis and 
prognosis, risk determination, disease recurrence, and prediction of specific benefits from 
particular therapies for the management of cancer-related diseases. Further molecular and 
pharmacological analysis also provide a wealth of information about their genetic makeup, 
pathogenesis, and drug resistance pattern. Despite the scarcity of CTCs in blood, as few as 1-100 
CTCs per 109 blood cells, a wide range of technologies have been developed for isolating and 
detecting CTCs. Among others, the use of microfluidic immunocapture methods that immobilize 
cells via antibody or aptamer chemistry has reported high capture efficiencies. However, these 
methods lack the required sensitivity to selectively isolate CTCs from a high background of blood 
cells especially in the early development of diseases. Other techniques are often limited by capture 
performance imbalance between high efficiency and high purity. Since the most cancer-related 
diseases are from the malignancy of a primary tumor, early detection of such event is a critical 
factor in determining the probability of survival for many cancers. In this respect, the need for a 
highly sensitive device for detecting CTCs during early tumor development and result with high 
purity capture is highly desirable.  
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 This dissertation is concerned with development, characterization and clinical evaluation of new 
hybrid size based and immunocapture microfluidic device for isolation and detection of CTCs 
from cancer patients’ blood sample with high sensitivity and purity. More specifically, it reviews 
existing knowledge in CTCs and methods for the isolation, detection, and characterization of CTCs 
in the first Chapter of this dissertation. The current work also employs a computation and simulated 
approach in design, optimization, and characterization of a new hybrid size dictated 
immunocapture microfluidic chip (SDI-Chip) which is presented in the second and third Chapters 
of the document. Followed by, fabrication, surface modification, pre-clinical and clinical 
evaluation of the device towards sensitive and efficient isolation, detection of CTCs from patients’ 
blood sample and comparison with currently utilized technology in the fourth Chapter. The ease 
of applicability of our technology in different cell-line types, surface modification chemistry, and 
ligand, were also proved and discussed in the fifth Chapter of this dissertation. 
 
A microfluidic SDI-Chip composed of a channel with an array of triangular micropillars and three 
inlets and three outlets were designed. Micropillars were arranged according to the principle of 
DLD which enables us to provide size based differential interaction of CTCs with 
immunodecorated micropillars for immunocapture. Further optimization ensures extended 
duration of contact of CTCs with antibody-coated micropillars. Moreover, the hydrodynamic force 
gradient generated by optimized arrangement of micropillars provides optimum hydrodynamic 
forces for efficient CTC capture and enables spatial distribution of captured cells based on their 
antigen expression levels. CTCs, which are relatively larger than blood cells, interact frequently 
and intimately with immunodecorated micropillars and experience extended duration of contact in 
a region with a gradient of hydrodynamic forces to ensure more efficient capturing. On the other 
hand, blood cells only occasionally interact with the micropillars; instead, they flow between rows 
of micropillars where the hydrodynamic forces are hostile to nonspecific capture. Thereby we can 
enhance sensitivity, capture efficiency and purity of the conceptual design. 
 
Characterization of the capture performance of the SDI-Chip using antibodies and aptamers as a 
ligand to capture human colorectal cancer cells (SW480) and human acute lymphoblastic leukemia 
(CCRF-CEM) spiked into a buffer, and blood samples demonstrated a significant improvement in 
capture efficiency and purity compared with other related methods. Moreover, the current SDI-
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 Chip allowed us to determine the level of antigen (EpCAM) expression by simply inferring the 
capture position around micropillars as a part of downstream molecular processing to provide 
additional relevant clinical information in a single run. Cross-sectional and longitudinal clinical 
studies with colorectal cancer patients also demonstrated the sensitivity of our chip to detect CTCs 
from 27 of 27 (100%) non-metastasis colorectal cancer (CRC) patients’ blood samples with 
concentrations ranging from 8 to 161 CTCs per milliliter. Our SDI-chip also accurately 
demonstrated correlations between CTC count, clinical stage of tumor and disease progression in 
non-metastatic CRC patients. Thus, provide a new approach to hybrid size base and 
immunocapture device for improved performance of capture efficiency, purity and antigen-based 
profiling of CTCs for potential clinical application and inspire the future of integrated approach to 
solve the current challenge of sensitivity and tradeoff in capture performance of immunocapture 
devices. 
 
Keywords: Microfluidic chip; Circulating tumor cells; Size based; Immunocapture; DLD 
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 摘要 
 
癌症是一种异质性疾病，是目前全球发病率和死亡率最高的疾病之一。不同患者之间
肿瘤的表型和基因型的差异，以及肿瘤原灶和转移灶的表型和基因型差异导致癌症的异质
性和持续性地动态变化。癌症的动态变化导致在癌症诊断、治疗和随访过程中需要动态地
检查患者的患癌状况。肿瘤检测的金标准是组织活检，然而对于大多数的癌症，动态的组
织活检在临床上难以实施，并且对患者存在一定的风险。而影像学方法和内镜检查法存在
灵敏度低、假阳性或者假阴性的等缺点，难以补充组织活检、满足临床需要。液体活检作
为一种非侵入性、高灵敏度、可动态检测的癌症诊断方法，正展现其在肿瘤检测中的独特
优势。 
肿瘤的液体活检包括循环肿瘤 DNA(ctDNA)，循环肿瘤细胞(CTCs)，外泌体(exosome)
三种检验内容。循环肿瘤细胞（CTC）液体活检作为最全面、系统地反应整个肿瘤发展进
程的液体活检内容，是极具潜力的检测靶标。循环肿瘤细胞（CTCs）是存在于外周血中
的各类肿瘤细胞的统称。部分肿瘤细胞从肿瘤灶中脱落，进入血液循环后在远端组织器官
形成转移灶，导致肿瘤患者术后复发或远端转移。以血液作为检测样本的循环肿瘤细胞
（CTCs）液体活检可以实现动态采样，运用于癌症的诊断、治疗和监测等。 
循环肿瘤细胞（CTCs）的分离、检测和定性可以用于癌症的诊断和预后评估，复发
和转移监测，疗效评估。而进一步的分子和药理学分析可以用于肿瘤的基因型、发病机制
和耐药机制的分析。CTCs分离和检测主要分为免疫亲和法和物理法，这两种方法分别基
于 CTCs的生化性质和物理性质从高背景的血液中分离稀有的 CTCs（CTCs浓度为每 109
个血细胞中含有 1-100个 CTCs）。免疫亲和法通过抗体或核酸适配体固定细胞，有着很
高的捕获效率。然而，这种方法往往灵敏度不高，不足以从高背景的血细胞中选择性地分
离 CTCs。而物理法无法同时实现高效率和高纯度地捕获 CTCs。由于多数肿瘤相关疾病
源于原发肿瘤的恶性征变化，癌症的早期检测是决定多数癌症患者生存率的关键因素，而
现有的 CTCs检测方法存在诸多缺陷，无法满足癌症早期检测的需要，亟待发展一种高灵
敏度、高效率、高纯度的 CTCs检测方法。 
IV 
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 本论文发展了一种基于大小和免疫捕获的 CTCs分离和检测微流控芯片（Size 
Detected Immunocapture Chip，SDI-Chip）。运用该芯片，实现了癌症患者血样中的 CTCs
高效率和高纯度的捕获。本论文第一章综述了 CTCs相关背景以及现有的 CTCs分离、检
测和表征方法。第二、三章介绍运用计算和模拟方法对 SDI-Chip进行设计和优化的过
程。第四章介绍 SDI-Chip的制造、表面修饰、临床前实验以及临床评估。第五章讨论我
们的技术在不同的细胞类型，表面修饰和配体中的适用性。 
SDI-Chip的通道由三角形的微柱阵列和三个入口、三个出口组成，并对芯片进行化
学修饰，在微柱上包被抗体或核酸适配体，用于 CTCs的特异性捕获。我们根据 DLD原
理设计微柱阵列，基于大小实现 CTCs与微柱选择性地相互作用，提高 CTCs与免疫包被
的微柱的碰撞概率。并对 SDI-Chip进一步优化保证 CTCs与抗体包被的微柱接触持续时
间延长。此外，通过微柱排布优化产生水动力梯度，为 CTCs的高效捕获提供最佳的动
力，从而提高芯片的灵敏度、捕捉效率和纯度，还实现了基于抗原表达水平的 CTCs规律
性空间分布。 
我们运用人结肠癌细胞系 SW480和人急性淋巴细胞白血病细胞系 CCRF-CEM分别考
察抗体包被和核酸适体包被的 SDI-Chip的捕获性能。将这两种细胞系加入缓冲液和健康
患者血样中，结果表明，相比其他方法 SDI-Chip具有较高的捕获效率和纯度。此外，根
据 CTCs在微柱上的捕获位置，可以评估 CTCs中 EpCAM抗原的表达水平，为下游的临
床应用提供参考。对 SDI-Chip的临床应用进行横向和纵向的评估，对 27例非转移的结直
肠癌患者血样检测表明，CTCs的检出率为 100%，浓度范围为 8-161个/mL。SDI-Chip还
准确地表明了 CTCs与肿瘤分期和结直肠癌患者的病情发展之间的相关性。 
综上，我们发展了一种新型的结合大小与免疫捕获的微流控芯片，可以同时实现高效
率与高纯度地捕获 CTCs，具有潜在的临床应用价值。 
关键词：微流控芯片；循环肿瘤细胞; 基于大小；免疫捕获； 
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Figure 1-1 The images represent the population of candidate CTCs found in the blood (before 
surgery) of metastatic colorectal cancer patients; these cells are stained with DAPI (blue), CK-
pan mix (red), and CD45 (green). The composite image and the DAPI image are displayed for 
each cell type. Cell type abbreviations (from left to right): CTCs detected by the HD-SCA 
platform (HD-CTCs), CK-positive and CD45-negative cells with a nucleus distinct from WBC 
nuclei; circulating tumor microemboli (CTM), HD-CTC clusters (at least two or more HD-
CTCs); CTC-LowCK, cells with a nuclear shape different from that of WBCs but CK negative 
and CD45 negative; CTC-Small, CK-positive and CD45-negative cells with a small (WBC-like) 
nucleus; CTC-cfDNA producing, CTCs undergoing apoptosis with irregular nuclear or 
cytoplasmic condensation and a possible source of circulating tumor DNA. Adapted from 
reference.2 ....................................................................................................................................... 6 
Figure 1-2 The metastatic cascade. Metastasis can be envisioned as a process that occurs in two 
major phases: (A) To begin the metastatic cascade, cancer cells within the primary tumor acquire 
an invasive phenotype. (B) Cancer cells can then invade into the surrounding matrix and toward 
blood vessels, where they intravasate to enter the circulation, which serves as their primary 
means of passage to distant organs. (C) Cancer cells traveling through the circulation are CTCs. 
They display properties of anchorage-independent survival. (D) At the distant organ, CTCs exit 
the circulation and invade into the microenvironment of the foreign tissue. (E) At that remote 
site, cancer cells must be able to evade the innate immune response and also survive as a single 
cell (or as a small cluster of cells). (F) Develop into an active micrometastatic deposit; the cancer 
cell must be able to adapt to the microenvironment and initiate proliferation. Reprinted from 
reference.64 ...................................................................................................................................... 9 
Figure 1-3 (A) Schematic of the immunomagnetic-assisted cell sorting process. Faint red color 
represents CTCs while red and green represent normal blood cells. (B) Schematic of a 
fluorescence-activated cell sorting instrument. ............................................................................. 15 
Figure 1-4 (A) Schematics is depicting the principle of MagSweeper® which involves capture, 
wash and release steps. (B) Schematics showing the working principle of CellCollector. .......... 16 
Figure 1-5 (A) Filtration mechanisms: (A) wire, (B) pillar, (C) pore (Adopted from reference 6). 
(B) Density gradient centrifugation with OncoQuick. Adopted from reference.104 ..................... 17 
Figure 1-6 (A) Experiment setup and use of CTC-Chip with micropillar to capture NCI-H1650 
lung cancer cell spiked into the blood. 133 (B) The use of herringbone grooves on the top of the 
channel to break laminar flow and enhance interaction of cells in HB-chip.134 ........................... 24 
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 Figure 1-7 Surface immobilized sgc8 aptamer in a microfluidic device for selectively captures 
target cells. (A) Representative images of cells captured on sgc8 aptamer immobilized surface 
with target cells. 146 (B) Schematic Microfluidic device showing three regions used for aptamer 
immobilization and multiplexed detection of 3 different cancer cell-lines and results.147 (C) 
Photographic and SEM image of isotropically etched elliptical micropillars in the glass substrate 
and scheme of capturing cancer cells in the device.148 ................................................................. 26 
Figure 1-8  (A) a) Image of an aptamer-coated NanoVelcro Chip for capturing and releasing 
NSCLC CTCs from blood samples. b) A cross-sectional view of the microchannel embedded in 
the aptamer-coated NanoVelcro Chip, where an aptamer-coated SiNWA is combined with an 
overlaid microfluidic chaotic mixer to enhance the contact frequency between the aptamer-
coated SiNWA and flow-through NSCLC CTCs, leading to enhanced CTC capture efficiency.154 
(B) (a, b) Illustration of enhanced cell capture using AuNP–aptamer-modified surface. 155 ....... 28 
Figure 1-9 Hydrodynamic separation. (A) Size-based particle separation in an asymmetric array 
of posts a schematic of a deterministic lateral displacement (DLD) array showing definitions of 
the array parameters. 160 (B) The schematic passive, continuous CTC-isolation microfluidic 
device describes that larger cells are trapped in the reservoir while smaller cells freely pass 
through the reservoir region due to difference in the lift forces that cells encounter.161 .............. 30 
Figure 1-10 (A) The CTC-iChip is composed of two separate microfluidic devices that house 
three different microfluidic components engineered for inline operation: DLD to remove 
nucleated cells from whole blood by size-based deflection in CTC-iChip1, and magnetophoresis 
for sensitive separation of bead-labeled WBCs and unlabeled CTCs in CTC-iChip2. 166 (B) 
Configuration of NanoVelcro CTC chip. The device is composed of a patterned NanoVelcro 
substrate and an overlaid PDMS chaotic mixer and immune-affinity. 164 .................................... 32 
Figure 2-1 Laminar and turbulent flow (COMSOL Multiphysics® 4.4). (A) Laminar flow of 
water across a triangular micropillar obstacle. Streamlines move parallel to each other even 
during interaction with the micropillar. (B) In turbulent flow, streamlines may not move parallel 
to each other and result verities after interacting with obstacles within the channel geometry. ... 47 
Figure 2-2 Fluid resistance is a factor of channel geometry. A 3D surface plot of parabolic 
velocity profile in three channel geometries. (A) Circular, (B) Square, (C) Rectangular, and (D) 
velocity magnitude of the three channels. The Cross-sectional area, the length of the channel and 
pressure difference is the same the difference is only geometrical. ............................................. 48 
Figure 2-3 Simulation model is describing the effect of diffusion on transport in microscale. 
Particles of different size flow through 10µm central inlet channel with a velocity of 100 µm s-1. 
The magnitudes of the concentration of particles were depicted using a red line in compounding 
area of the simulation model. (A) Diffusion is rampant in a particle size of 4.5 nm and Pe of 20. 
(B) The flow of particle size of 0.45 µm with Pe of 2000 limits such a rampant diffusion to a 
steady one...................................................................................................................................... 52 
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